Enhanced oil recovery (EOR) techniques are regaining interest as high oil prices have rendered such techniques economically attractive. Thermal EOR processes, which involve injection of heat into the reservoir
INTRODUCTION
A temperature difference within a physical system causes heat transfer to occur from the higher-temperature region to the lower-temperature region. This transport process continues until the system attains a uniform temperature. The heat flux, which is a function of temperature difference, depends on one or a combination of the various transport mechanisms, that is, conduction, radiation, or convection. While the first two mechanisms could be significant in any system, convective heat transfer is of utmost interest in porous media where fluid velocity is the major concern.
The temperature distribution in a hydrocarbon reservoir is an important issue due to its utilization in detecting water or gas influx or type of fluid entering into the wellbore. This information is necessary for better reservoir management, which is subject to reservoir rock-fluid rheologies. During thermal EOR operations, conversely, the highly complex characteristics of rock-fluid interac- tion play a vital role in heat transfer between the rock matrix and flowing hydrocarbons. Such heat transfer is the major factor governing the temperature profile within the reservoir. The previously mentioned complex phenomena can be explained by the concept of continuous time function, termed memory, to analyze the rheological behavior of rock and fluid properties when the rock is not in thermal equilibrium with the fluid(s) (Hossain and AbuKhamsin, 2012) . The memory concept is of interest to researchers in different areas of science and engineering. Caputo and Plastino (2004) modified Darcy's constitutive equation with the introduction of the memory concept. They also modified the second constitutive equation of diffusion, which relates the density variations in the fluid to pressure, where they incorporated the memory formalisms. They computed the Green's function of pressure in the layer when a constant pressure is applied to the boundary for which they found closed-form formulae and attempted to capture the memory parameters experimentally. They concluded that the memory concept represents media in which the fluid flux decays more rapidly in time and delays the effect of the pressure at the boundary relative to the effects of the classic Darcy formula.
De Espiíndola et al. (2005) used the fractional derivative model (i.e., a measure of memory) to identify the dynamic properties of viscoelastic materials. They also presented numerical and experimental results where they claimed that no previous work had produced a technique for the identification of the fractional parameters of viscoelastic materials directly from an experiment. To validate the procedure, a comparison of the measured and regenerated transmissibility was made. Storage modulus and loss factors were computed using the minimizing parameters of a particular cost function. These functions were then plotted in terms of frequency and temperature. Cloot and Botha (2006) used the generalized classical Darcy law, where they used a noninteger order derivative of the piezometric head for groundwater flow. Numerical solutions of their equation for various fractional orders of the derivatives were compared with experimental data to see the behavior of fractional derivatives of modified Darcy's law.
For porous media application, Iaffaldano et al. (2006) conducted an experiment to capture the permeability changes with time for a sand layer. They also provided a memory model for diffusion of fluids in porous media, which matched well with the flux rate observed in experiments. They concluded that the flux rate variations observed during the experiments were compatible with the compaction of sand. This variation was due to the amount of fluid that went through the grains locally. As a result, there was a reduction of porosity. Zavala-Sanchez et al. (2009) investigated solute transport in a vertically bounded stratified random medium. They studied the effective mixing and spreading dynamics at preasymptotic times in terms of effective average transport coefficients, which had been defined on the basis of local moments, that is, moments of the transport Green function. They quantified the disorder-induced mixing and spreading by a constant Taylor dispersion coefficient. They observed the impact of the position of the initial plume and the initial plume size on the preasymptotic effective spreading and mixing dynamics for single realizations. They showed that the system "remembers" its initial state, which was defined as memory effects for the effective transport coefficients. This memory effect disappeared after the solute had sampled the full vertical extent of the medium.
Recently, Di Giuseppe et al. (2010) modified the constitutive equations by introducing a memory formalism operating on both the pressure gradient-flux and the pressure-density variations where fractional order derivatives were used to represent the memory formalism. They conducted sets of laboratory experiments in uniformly packed columns for both homogeneous and heterogeneous media where a constant pressure was applied on the lower boundary. They concluded that the memory largely influenced the experiments; they showed how mechanical compaction can decrease permeability and, consequently, flux, through data and theory. Moreover, memory can be affected by the tank height, the particle size distribution, the stability of the initial particle distribution, and so on.
In EOR processes, alteration of rock-fluid properties during thermal recovery is well established in the literature (Hossain et al., 2007 (Hossain et al., , 2008a (Hossain et al., , 2008b (Hossain et al., , 2009a Hossain and Islam, 2009 ). This alteration occurs because when a fluid flows through a porous medium, the permeability of the matrix may vary locally with time (Iaffaldano et al., 2006; Cloot and Botha, 2006) for several reasons: chemical dissolution of the medium, swelling and flocculation, pore plugging and precipitation reactions, transport of particles obstructing the pores, mechanical compaction, and grain crumbling due to high pressure (Di Giuseppe et al., 2010) . All these phenomena, in conjunction with possible chemical reactions between the fluid and the medium, create continuous local changes of both porosity and permeability, resulting in memory; that is, at a given instant in time, the advection process is affected by the history of pressure and flux (Iaffaldano et al., 2006; Di Giuseppe et al., 2010) . Most importantly, the alteration of rock and fluid properties guides the temperature profile within the reservoir formation. Published literature shows that the fluid velocity (Yoshioka et al., 2005a (Yoshioka et al., , 2005b and time have strong effects on the temperature profile (Hossain, 2008; Hossain et al., 2008a Hossain et al., , 2008b . Therefore it is important to investigate the effects of memory in terms of different heat transfer dimensionless numbers based on the rheology of the rock-fluid system.
Convection and conduction heat transfer depends on the fluid temperature, which is related to surroundings' temperature, surroundings' conductivity (i.e., limestone, seawater, and air), insulation, inner-film conductivity, and residence time. The available models are unable to handle the alteration of rock and fluid properties with time during thermal operations (Marx and Langenheim, 1959; Willman et al., 1961; Spillette, 1965; Chan and Banerjee, 1981; Kaviany, 2002) . Recent investigations show that due to memory and temperature variation in the formation, the porosity, permeability, and rheology of the reservoir may change as a result of continuous heat transfer within the fluid and rock matrix (Hossain et al., 2007 (Hossain et al., , 2009a Hossain, 2008) . However, previous works did not consider the thermal effects in terms of Peclet number and other heat transfer coefficients when the rock and fluid temperatures are considered equal (T s = T f ). In addition, the continuous alteration of fluid and pore space properties may be greatly influenced by the fluid memory, especially in geothermal reservoirs (Hossain et al., 2007 (Hossain et al., , 2009a Hossain, 2008) . Hossain et al. (2009a) showed how stress-strain relationships can be presented and characterized through the memory concept. They did not use this concept for thermal recovery processes.
Therefore the present paper shows the effects of including the memory function in the fluid flow behavior during hot water injection into a hydrocarbon reservoir. As discussed earlier, fluid velocity and time have strong effects on the temperature profile. Thus it is very important to investigate the effects of fluid memory as well as the rheology of the rock-fluid system based on heat transfer coefficients.
In this study, model equations developed by Hossain and coauthors (Hossain et al., 2011; Hossain and AbuKhamsin, 2012 ) are employed to investigate the major role of alteration of various rock and fluid properties during thermal operations in terms of Peclet number and three proposed dimensionless numbers associated with heat transfer in porous media. While those studies were conducted for unequal rock and fluid temperatures, the present study assumes that the rock attains the fluid's temperature instantaneously, that is, that the rock and fluid temperatures are equal throughout the system. The main objective of this study is to characterize different heat transfer dimensionless numbers that are sensitive to the time dimension. The model equation describes how the fluid and rock properties are dependent on the continuous time function. Thus the equation affords investigation of the dependence of different heat transfer coefficients-in terms of dimensionless numbers-on the system's parameters and properties. To solve the model equation for different dimensionless numbers, MATLAB programming was used. This analysis will provide a better understanding of heat transfer phenomena during thermal operations in porous media.
MATHEMATICAL FORMULATION
The model considers a porous medium of uniform crosssectional area and that is homogeneous along the x axis. Normal practice assumes fluid flow in porous media to be governed by Darcy's law. In this study, however, the modified Darcy's law is employed to introduce the notion of fluid memory (Caputo, 1999 (Caputo, , 2000 Hossain et al., 2008c; Hossain and Islam, 2009) . Before commencement of hot fluid injection, both pressure and temperature are assumed to be uniform throughout the reservoir. Since the medium is homogeneous, the pressure along the x direction may be considered to vary initially according to the Darcy diffusivity equation. It is also considered that the thermal conductivities of both fluid and solid rock matrices are not functions of temperature and are constant throughout the reservoir.
To develop the new dimensionless numbers, the temperature distribution pattern is developed based on the energy balance equation (Hossain et al., 2011) . In this regard, the equation is considered as the governing equation for both rock and fluid separately. The inclusion of time-dependent rock and fluid properties is of great significance to petroleum engineers because prediction of production performance and management is highly uncertain. Therefore consideration of time-dependent phenomena is necessary for a well-managed petroleum project. Inclusion of the memory concept is made using the modified Darcy's law as the flow rate equation, which may be written for a 1-D system as (Hossain et al., 2007 (Hossain et al., , 2008c (Hossain et al., , 2009b Hossain et al. (2008c) defined the composite variable, η, which is a function of permeability and viscosity, for any type of reservoir as
For example, Eq. (2a) can be expressed for sandstone as (Hossain et al., 2008c) Equation (2b) is based on field units, which are oil formation volume factor (B o ), rb/stb; oil compressibility (C o ), psi −1 ; oil formation volume factor at the bubble point (B ob ), rb/stb; oil viscosity at the bubble point (µ ob ), cp; oil viscosity above the bubble point (µ ab ), cp; solution gas oil ratio (R s ), scf/stb; crude oil temperature (T ), • F; gas specific gravity (γ g ),lb m /ft 3 ; oil specific gravity (γ o ),lb m /ft 3 ; and oil API gravity (API),
• API. If the temperatures of the fluid and rock matrix are the same, the energy balance equations can be combined into a single equation [Eq. (3) ] as used by several authors (Kaviany, 1995; Lee and Vafai, 1999; Alazmi and Vafai, 2000; Nield and Bejan, 2006) . A detailed derivation of Eq. (3) is presented in the appendix and appears as Eq. (A14):
Equation (3) can be transformed into dimensionless form using the following nondimensional parameters:
Using these parameters, the final form of Eq. (3) is obtained as [Appendix, Eq. (A18)]
Now introducing a new dimensionless ratio, N HA3 = (k s + k f )/k e , Eq. (4a) can be written as
where
Equations (4a) and (4b) give the dimensionless temperature profile and heat transfer along the formation length when the rock and fluid temperatures are considered equal. This model has been developed using the memory concept. Therefore, during the numerical computation, u m is used to the find the impact of the memory function, while temperature distribution is governed by Eq. (4a) or (4b). This partial differential equation is solved to find the effects of different rock-fluid parameters in terms of Peclet number and three proposed numbers. Computations on Eq. (4b) are carried out for different rock-fluid parameters, where the initial and boundary conditions are defined as
SIGNIFICANCE OF THE PROPOSED DIMENSIONLESS NUMBER
There are at least 15 dimensionless numbers associated with fluid dynamics and heat and mass transfer. Those numbers are summarized in Table 1 . The proposed number 3 [Eq. (5)] can be defined as the ratio of the total absolute thermal conductivities of the fluid and rock to the effective thermal conductivity of the fluid-saturated porous medium, that is,
Total absolute thermal conductivity of fluid and rock matrix Effective thermal conductivity of fluidsaturated porous medium
the proposed number is the ratio of the fluid's kinematic viscosity to the system's (i.e., the fluid-saturated porous medium) hydraulic diffusivity. It is similar to the Schmidt number (Table 1) but replaces the fluid's mass diffusivity with the system's hydraulic diffusivity, which incorporates the effect of the rock matrix. Kinematic viscosity, also called the momentum diffusivity, is the ability of a fluid to transport momentum by molecular "diffusion." Since hydraulic diffusivity is the ratio of the system's fluid transmissivity to the system's fluid storativity, N AH becomes a measure of the system's diffusive to convective momentum transport capability, as influenced by its compressibility. For sandstone of 0.2 porosity and 
Ratio of viscous forces to interfacial forces or surface tension
Ratio of the heat conduction rate to the rate of thermal energy storage; also expressed as a ratio of current time to reach steady state
Ratio of the buoyancy to viscous force acting on a fluid; also a ratio of natural convection buoyancy force to viscous force Proposed number 1
Ratio of the Prandtl number of the fluid-saturated porous medium to the Prandtl number of the fluid Proposed number 2
Ratio of the heat transfer of solid matrix to the heat transfer of reservoir fluid N AH N AH = ν/α H Ratio of the fluid's momentum diffusivity to the system's (fluid-saturated porous medium) hydraulic diffusivity; a new dimensionless number for fluid-saturated rock
Ratio of convective to conductive heat transfer across (i.e., normal to) the boundary
Ratio of convective to diffusive heat/mass transport in a fluid
Power
Also known as Newton number and a ratio of resistance force to the inertia force
Ratio of momentum diffusivity (kinematic viscosity) and thermal diffusivity, or ratio of viscous diffusion rate to thermal diffusion rate
Ratio of buoyancy forces and the product of thermal and momentum diffusivities; ratio of natural convective to diffusive heat/mass transport; determines the transition to turbulence −6 if the rock is saturated with air at ambient conditions. For the same sandstone, if saturated with freshwater, N AH would be about 1.4 × 10 −5 , which is 7 times larger due to water's larger ν (kinematic viscosity) and the water-saturated system's smaller α H .
Manipulating Eq. (6) yields
The proposed number 4 (N HA4 ) is the ratio of the hydraulic diffusivity to the thermal diffusivity-both of the fluid-saturated porous media-within the system volume. In essence, it is the ratio of the convective ability of the fluid-saturated porous medium to its conductive ability. Equation (10) also shows that (N HA4 ) can be looked at as the ratio of the bulk Prandtl number of the fluid-saturated porous medium to its proposed number 5 (N AH ). Therefore N HA4 expresses the influence of the rock matrix on the thermal and flow characteristics of the fluid within the porous medium. The three dimensionless numbers proposed in this article are also listed in Table 1 . Two dimensionless numbers proposed previously (Hossain and Abu-Khamsin, 2012) are listed in this table as well. Again, Eq. (6) can be manipulated into
In Eq. (11), the proposed number 4 (N HA4 ) is the ratio of the local bulk Nusselt number-that is, for the whole fluid-saturated porous medium-to the system's heat transfer mechanism, that is, both conduction and convection. Therefore N HA4 explains the correlation and influence of the system's heat transfer mechanism on the Nusselt number, where continuous alteration of rockfluid properties can be linked up with time and Nusselt number during any thermal recovery process.
RESULTS AND DISCUSSION
Computations are carried out for a reservoir 3000 m long, where hot water is injected at a constant rate of 17.5 m 3 of equivalent water volume per day. All assumed rock and fluid parameters are listed in Table 2 . The time and distance steps are set at ∆x * = 0.0167 and ∆t * = 0.00001. Temperature variation is obtained for the case where the fluid and rock temperatures are equal. In Eqs. (4a) and (4b), the local Peclet number can be defined as
where L c represents a characteristic length such as the mean pore throat diameter of the porous medium. During the computation, L c is calculated by Winlad's (Kolodzie, 1980) correlation, L c = 2πr pt and log r pt = 0.732 + 0.588 log k − 0.864 log ϕ, where k is in mD and r pt is in microns. Kolodzie (1980) and Pittman (1992) proposed the preceding correlation as the best permeability estimator for sandstones. They and others (Rezaee et al., 2006) indicated that the best results are obtained from a mercury injection capillary pressure test at 35% mercury saturation. Other correlations for carbonate rocks are also proposed in the same literature. During the computation of (N NuL ) b , the same procedure is .  Figures 1(a)-1(c) show the variation of the proposed number 3 (N HA3 ) with the solid's (k s ), the fluid's (k f ), and the total (k s + k f ) absolute thermal conductivity for various effective thermal conductivities (k e ). N HA3 increases linearly with the increase in k s for a particular k e value and decreases with the increase in k e [Figs. 1(a) and 1(b)]. The same trend is seen in Fig. 1(c) , however, the rate of increase of N HA3 is lower than in Figs. 1(a) and 1(b). This indicates that the solid's thermal conductivity is more dominant on N HA3 compared with the fluid's conductivity. Therefore conduction heat transfer has a greater influence on N HA3 . Figure 2 depicts the variation of the proposed number 3 (N HA3 ) with effective thermal conductivity (k e ) for various total absolute thermal conductivities (k s + k f ). N HA3 decreases nonlinearly with the increase in k e for a particular (k s + k f ) value and increases with increase in (k s + k f ). Again, this implies the great influence of conduction heat transfer on N HA3 .
Figures 3(a) and 3(b) show the variation of the proposed number 4 (N HA4 ) with effective thermal conductivity (k e ) for different average system heat capacities (M ) and for different hydraulic diffusivities of the fluidsaturated porous medium (α H ). N HA4 decreases nonlinearly with increase in k e for a particular M , and both slope and nonlinearity of the curve increases for higher M [ Fig. 3(a) ]. N HA4 also increases with increase in M . Therefore the system's heat capacity has an influence on N HA4 , which means both conduction and convection heat transfer play a significant role on N HA4 . The same nonlinear trend is seen in Fig. 3(b) . However, for low α H , N HA4 does not change significantly with increase in k e . As α H increases, the degree of nonlinearity and the slope increase steadily for N HA4 versus k e plots.
Figures 4(a) and 4(b) depict variation of the proposed number 4 (N HA4 ) with different average system heat capacities (M ) for different effective thermal conductivities (k e ) and different hydraulic diffusivities of the fluidsaturated porous medium α H , N HA4 increases nonlinearly with increase in M for a particular k e value, and N HA4 decreases with increase in k e value for a particular M value [ Fig. 4(a) ]. A slightly sloping linear trend is shown for N HA4 versus M plots in Fig. 4(b) . However, with increase in hydraulic diffusivity, N HA4 increases for a particular M value, which is more sensitive for larger α H .
Figures 5(a) and 5(b) depict variation of the proposed number 4 (N HA4 ) with hydraulic diffusivity α H for different average system heat capacities (M ) and for different effective thermal conductivities (k e )-all for the fluidsaturated porous medium. N HA4 increases linearly with increase in α H for a particular M value and the slope of the trend increases with increase in M value [ Fig. 5(a) (N N uL ) b for a particular h c value. All the previously mentioned figures indicate that more heat conduction takes place when M , a H , L c , and h c are increased, which is related to N HA4 . Therefore heat conduction in porous media can be well explained by the proposed number N HA4 .
Equation (9) is used to plot Figs. 8(a) and 8(b), which depict the variation of the proposed number 5 (N AH ) with fluid density (ρ f ) and fluid viscosity (µ) for different hydraulic diffusivities of the fluid-saturated porous medium (a H ). N AH decreases nonlinearly with increase in ρ f for a particular α H value, and N AH decreases with the increase of α H for the same fluid density [ Fig. 8(a) ]. Conversely, N AH increases linearly with increase of µ for a particular α H value, and N AH decreases with the increase of α H for the same fluid viscosity [ Fig. 8(b) ]. This indicates that if the fluid momentum diffusivity is increased, N AH increases significantly.
Figures 9(a) and 9(b) show variation of the proposed number 5 (N AH ) with fluid kinematic viscosity and hydraulic diffusivities of the fluid-saturated porous medium (α H ) for various α H and ν values. Figure 9 (a) shows that N AH increases linearly with increase in ν for a particular α H , which reveals the same trend and behavior as commented for Fig. 8(b) . This indicates that N AH is sensitive to the fluid's momentum diffusivity. N AH decreases nonlinearly with increase in α H for a particular ν value, and N AH increases with increase in ν for the same system's hydraulic diffusivity [ Fig. 9(b) ].
The local Peclet number of Eq. (4b) is plotted in Figs. 10(a)-10(c) , which depict the variation of N PeL with memory-based fluid velocity (u m ) for various k e , ρ f c pf , and L c values. N PeL increases linearly with (u m ) for different (k e ) values [ Fig. 10(a) ] and decreases with the increase in k e . For low u m , k e has less influence on N PeL . As the degree of memory increases (i.e., increase in u m ), k e starts to dominate N PeL . The same trend is seen in Fig. 10(b) ; however, the influence of memory is more pronounced than in the case of k e . The characteristic length with memory plays a great role on N PeL [ Fig. 10(c) ], and N PeL increases with increase in L c and memory becomes more dominant for larger L c values.
CONCLUSIONS
A mathematical model with the inclusion of the memory concept is presented here to introduce new dimensionless numbers during thermal operations in porous media. These numbers can be useful in characterizing reservoir rock and fluid properties. The results and analysis are based on a numerical solution of the model equations using real reservoir data. These results are then employed to explain heat conduction and convection processes in terms of the proposed dimensionless numbers. The case investigated in this study is when the reservoir rock attains the fluid temperature instantaneously. The proposed numbers are well capable of handling the variable rock and fluid properties with time and space and are able to better explain the continuous alteration of rock-fluid behavior. Such information on continuous alteration of rockfluid rheology is useful for better prediction of reservoir performance. The proposed mathematical tool is used to investigate the effects of temperature on different reservoir parameters, which can also be utilized to investigate the temperature profile by solving the model equations for temperature. The utility of the proposed numbers lies in the ability to characterize the rheological properties of a reservoir if those numbers are known for another analogous reservoir, thus eliminating the need for rigorous investigation. at King Fahd University of Petroleum and Minerals (KFUPM) for funding this work through project JF100009. Special thanks to associate editor Oronzio Manca of Journal of Porous Media for his excellent support in improving the quality of the article. His contribution was in the modifications to the model equations.
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APPENDIX
To determine the temperature distribution with space and time, the energy balance equation is considered as the governing equation separately for both rock and fluid. The partial differential equations have a familiar form because the system has been averaged over representative elementary volumes (REV). A right-handed Cartesian coordinate system is considered where the x axis is along the reservoir length. The conventional forms of energy balance equations are available in literature (Spillette, 1965; van Poollen et al., 1980; Chan and Banerjee, 1981; Lake, 1989; Satman et al., 1984; Kaviany, 2002; Yoshioka et al., 2006 Yoshioka et al., , 2007 Yoshioka et al., , 2009 Hossain et al., 2008a Hossain et al., , 2008b Hossain et al., , 2009b Weibo et al., 2010; Cengel and Ghajar, 2011; Wang and Horne, 2011) . However, if we neglect the kinetic energy, the viscous dissipative heating, the thermal energy change caused by fluid expansion, the potential energy, and the gravity work, the general form of the differential energy balance equations in three dimensions may be given as (Kaviany, 1995; Lee and Vafai, 1999; Alazmi and Vafai, 2000; Nield and Bejan, 2006) ∇.
S w + S o + S g = 1 (A5)
In Eqs. (A1) and (A2), T s and T f are the rock matrix and fluid temperatures, respectively. These represent the thermal state of each phase in the same REV. Taking into account a porous medium of uniform cross-sectional area and homogeneous along the x axis, and considering that the thermal conductivities of the fluid and solid rock matrix are temperature independent and are constant along the medium, Eqs. (A1) and (A2) can be written in one-dimensional form as
Equation (A6) 
The first term of Eq. (A14) is the accumulation of energy, the second term is the thermal energy transported by convection, and the third term is thermal energy transported by heat conduction. Equation (A14) can be transformed into dimensionless form using the defined non-dimensional parameters as described in Section 2. Substituting the above transformations in to Eq. (A14) yields:
Finally Eq. (A17) can be written in terms of N PeL and N HA4 as:
where,
